Responses in the vadose zone and groundwater to interannual, interdecadal, and multidecadal climate variability have important implications for groundwater resource sustainability, yet they are poorly documented and not well understood in most aquifers of the USA. This investigation systematically examines the role of interannual to multidecadal climate variability on groundwater levels, deep infi ltration (3-23 m) events, and downward displacement (>1 m) of chloride and nitrate reservoirs in thick (15-50 m) vadose zones across the regionally extensive High Plains aquifer. Such vadose zone responses are unexpected across much of the aquifer given a priori that unsaturated total-potential profi les indicate upward water movement from the water table toward the root zone, mean annual potential evapotranspiration exceeds mean annual precipitation, and millennia-scale evapoconcentration results in substantial vadose zone chloride and nitrate reservoirs. Using singular spectrum analysis (SSA) to reconstruct precipitation and groundwater level time-series components, variability was identifi ed in all time series as partially coincident with known climate cycles, such as the Pacifi c Decadal Oscillation (PDO) (10-25 yr) and the El Niño/Southern Oscillation (ENSO) (2-6 yr). Using these lag-correlated hydrologic time series, a new method is demonstrated to estimate climate-varying unsaturated water fl ux. The results suggest the importance of interannual to interdecadal climate variability on water-fl ux estimation in thick vadose zones and provide better understanding of the climate-induced transients responsible for the observed deep infi ltration and chemical-mobilization events. Based on these results, we discuss implications for climate-related sustainability of the High Plains aquifer.
is of particular interest in semiarid and arid regions, such as the western USA, where groundwater resource availability and sustainability are important . The response of soil ecosystems in these regions to climate and precipitation variability, including carbon and nutrient biogeochemical cycling and timing of annual biological activity, is relatively well understood (Austin et al., 2004) . However, knowledge of subsoil (vadose zone at depths >2 m below land surface) hydrodynamic responses to climate variability in these regions is limited because of a general lack of fi eld observations over timescales long enough to document infi ltration and percolation of infrequent recharge events. As such, a strong reliance on modeling approaches driven by stochastic parameterization of climatic forcings (Small, 2005) has prevailed to explore subsurface responses to precipitation variability. Subsurface processes of particular interest in these regions include deep percolation events leading to spatially diffuse or focused groundwater recharge (Small, 2005) and possible mobilization of large subsoil chemical reservoirs of evapoconcentrated pore-water Cl -and NO 3 - (Hartsough et al., 2001; Walvoord et al., 2003 Walvoord et al., , 2004 McMahon et al., 2006) that accumulated throughout the Holocene in response to a shift to a drier climate and an associated shift in vegetation (Phillips, 1994) .
Although some climatic extremes, such as intense precipitation events, are dominantly episodic, there are low-frequency controls that modulate climate and associated precipitation and drought frequency on a variety of timescales (Dettinger et al., 1998) . Recent studies in the western and southwestern USA have identifi ed quasiperiodic variations in hydrologic time series of precipitation, groundwater levels, and streamfl ow that appear to refl ect a wide range of quasiperiodic climate forcings on timescales ranging from days to multiple decades Gurdak and Hanson, 2005; Hanson and Dettinger, 2005; Hanson et al., 2006) . Such quasiperiodic hydrologic variations represent teleconnections in response to recurrent and persistent global climatic variability (Hanson and Dettinger, 2005) . The magnitude and phase relation of interannual, interdecadal, and multidecadal climate variability can result in extreme climatic forcings on these sensitive hydrologic systems. Understanding these climatic variations and correlations between different hydrologic time series can improve predictions of hydrologic system responses to future climate cycles (Ghil et al., 2002 ). Yet Climate Variability Controls on Unsaturated Water and Chemical Movement, High Plains Aquifer, USA the hydroclimatic affects of interannual to multidecadal climate variability on most vadose zones and groundwater systems, such as the High Plains aquifer or other aquifers of the USA, are not well understood. Climate variability on these temporal scales is likely to have substantial impacts on groundwater systems located in arid and semiarid regions.
This paper presents an investigation of hydrologic and geochemical responses in thick vadose zones as well as fl uctuations in groundwater levels to natural climate variability across the regionally extensive High Plains aquifer. The specifi c objectives of this paper are twofold. First, fi eld evidence was used to document relatively deep infi ltration and chemical -) displacement within thick (>15 m) vadose zones and to identify the link to likely episodic precipitation events from climatic variations. The observations were recorded using a vadose zone monitoring network established in 2000 by the USGS as part of the National Water-Quality Assessment (NAWQA) Program (McMahon et al., 2003 (McMahon et al., , 2006 Bruce et al., 2005) . Second, a novel application of spectral time-series analysis was used to quantify climatic variations on vadose zone water fl ux and transit times using lag correlations between fl uctuations in precipitation time series and corresponding groundwater levels. From this analysis, we infer natural climatic forcings responsible for the observed deep infi ltration and chemical displacement in the vadose zone of the High Plains aquifer.
Site Description
The High Plains aquifer underlies an area of about 450,000 km 2 in parts of eight western states ( Fig. 1 ) of the Great Plains physiographic province. The study area is subdivided into the southern (SHP), central (CHP), and northern High Plains (NHP) subregions. In 2000 water use from this regional aquifer represented approximately 30% of all groundwater pumped in the USA (Maupin and Barber, 2005) , and it is threatened by continued declines in water levels and deteriorating water quality (Dennehy et al., 2002) .
Natural Climate Variability
The High Plains is characterized by a middlelatitude dry continental climate with temperatures ranging from 6 to 17°C, moderate amounts of precipitation (406-711 mm), frequent winds, low humidity, and a high rate of evaporation (1525-2768 mm) (Dennehy et al., 2002) . The climate of the High Plains is known to contain several quasiperiodic modes of natural variability across a range of temporal scales, including annual (ANN) (<2 yr), interannual, interdecadal, and multidecadal climate variability McCabe et al., 2004) . At least some of these modes of variability may manifest in a variety of climatic, hydrologic, and ecological impacts, most notably in the frequency and duration of enhanced precipitation (wet periods) and drought (dry periods). The interannual to multidecadal variations and resulting hydroclimatic impacts generally lack spatial uniformity across the High Plains .
The interannual to multidecadal hydroclimatic variations of the High Plains are related to teleconnections from variability in oceanic and atmospheric conditions, which are often indexed using sea-surface temperature (SST) or atmospheric pressure anomalies McCabe et al., 2004; Woodhouse and Overpeck, 1998) . The interannual climatic variations of the High Plains include cycles of 2 to 6 yr resulting from the well-studied ENSO Timlin, 1993, 1998) . The defi nition and effects of interdecadal variations on the order of 10 to 25 yr were identifi ed by Mantua and Hare (2002) as related to the PDO and have been identifi ed using spectral analysis of hydrologic time series and tree-ring reconstructions across the High Plains . The positive (warm) phase of ENSO and PDO variability is generally associated with warmer and wetter conditions for much of the western USA, while the negative (cold) phase of variability is associated with periods of cooler and drier climatic conditions (Mantua and Hare, 2002; Timlin, 1993, 1998) . Periods of climate variability greater than 25 yr also have been identifi ed and are referred to as greater than PDO (>PDO)
Map showing the location and extent of the High Plains aquifer, unsaturated zone monitoring network sites, and selected groundwater level (GW), pumping, and meteorological (P) stations. 2006) . In addition, other cycles are estimated in hydrologic time series that fall between the ENSO and PDO cycles with variations on the order of 6 to 10 yr. These periodicities may be related to periodic persistence of northerly movement of subtropical moisture from the Gulf of Mexico or from the Pacifi c and may be related to the North American Monsoon System (NAMS). The specifi c cause of variations in precipitation with periodicities of 6 to 10 yr that may be linked to processes such as the NAMS remains uncertain . For example, Fye et al. (2006) found strong statistical evidence from tree-ring reconstructions that a 7-to 8-yr periodicity in precipitation variability may originate from the North Atlantic Oscillation (NAO). However, Hanson et al. (2004) observed variability in June to September atmospheric water-vapor fl uxes associated with the monsoon in the American Southwest on the 6-to 10-yr timescale. They concluded that monsoonal moisture fl ow from the tropical latitudes up through the Gulf of California may contribute to persistent wet or dry periods with periodicities of 6 to 10 yr in the southwestern USA. The >PDO cycles may be attributed to longer PDO fl uctuations with periodicities of 50 to 70 yr (Minobe, 1997) or variations in the Atlantic Multidecadal Oscillation (AMO) (50-80 yr) (Kerr, 2000) ; yet the sources and stationarity of these forcings remains uncertain. The AMO is represented by an index of detrended SST anomalies averaged over the North Atlantic and has recently been identifi ed as having a strong infl uence on summer rainfall and drought frequency, and may modulate teleconnections between ENSO and winter precipitation over the conterminous USA (McCabe et al., 2004) . McCabe et al. (2004) suggested the current (2004) positive AMO conditions may lead to more above-normal frequencies of drought in the USA. Since 1995 AMO has been positive, preceded by negative (cold) phases during 1905-1925 and 1970-1990 and positive (warm) phases during 1860 -1880 and 1930 -1960 (McCabe et al., 2004 .
Vadose Zone
In the High Plains aquifer, median vadose zone thicknesses range from about 15 to 40 m for rangeland and from 25 to 60 m for irrigated cropland. The vadose zone consists of unconsolidated clay, silt, sand, and gravel, with scattered cemented zones consisting of calcium carbonate and sometimes silica.
Water Movement
Previous studies of water movement in the vadose zone of the High Plains aquifer indicate that the direction and rate of water movement are controlled by land use , spatial patterns in climate (McMahon et al., 2006) , geomorphology (Wood and Sanford, 1995; Scanlon and Goldsmith, 1997; Fryar et al., 2001) , vegetation, and soils (Keese et al., 2005) . Generally, previous observations of vadose zone water movement at the USGS vadose zone network within irrigated agricultural and rangeland settings of the NHP indicate the potential for downward water movement within the vadose zone, with little seasonal change that is consistent with gravity-driven quasisteady fl ow below the root zone (McMahon et al., 2006 ). In contrast, rangeland of the SHP (MWR, Fig. 1 ) has total potentials that increased substantially with depth (McMahon et al., 2006) , indicating the potential for upward water movement from the water table to the root zone, which is consistent with interplaya observations by Scanlon and Goldsmith (1997) . Across the vadose zone monitoring network (Fig. 1) , estimated downward water fl uxes ranged from 0.2 to 111 mm yr −1 (McMahon et al., 2006) . Irrigated agricultural vadose zone sites had larger fl uxes (17-111 mm yr −1 ) than rangeland sites (0.2-70 mm yr −1 ). The largest water fl uxes were observed at the NHP vadose zone sites (70 to 111 mm yr -1 ) followed by CHP sites (5 to 54 mm yr -1 ) and SHP sites (0.2-32 mm yr −1 ), due in part to spatial climatic differences from north to south with lower evapotranspiration rates in the NHP than in the SHP. McMahon et al. (2006) suggested that the measured downward water fl ux (0.2 mm yr −1 ) at the SHP rangeland site (MWR) represents past hydrologic conditions because upward hydraulic gradients were observed during the study.
Chemical Reservoirs
The relatively thick vadose zone overlying the High Plains aquifer, like many other thick vadose zones in semiarid and arid regions, contain pore-water reservoirs with large Cl -and NO 3 -concentrations that generally follow a conservative solutetype profi le due to natural evapoconcentration over thousands of years (Phillips, 1994; Walvoord et al., 2003) and from anthropogenic N input, primarily from agricultural fertilizers (McMahon et al., 2003 (McMahon et al., , 2006 . Walvoord et al. (2003) inferred that natural sources of NO 3 -, like Cl -, can be mobilized from the surface soil to the subsoil and beyond the root zone during occasional deep-wetting events. Strong hydraulic gradients created by the plant roots and subsequent upward movement of water vapor is the primary process that concentrates natural Cl -and NO 3 -in pore water of vadose zone. Cl -and NO 3 -concentration profi les that increase with depth just below the root zone (Walvoord et al., 2003 (Walvoord et al., , 2004 Seyfried et al., 2005) . These profi les characteristically display a bulge of high concentrations in the upper 10 m, with peak concentrations observed between depths of 2 and 5 m (Walvoord et al., 2004) .
Groundwater quality in the High Plains aquifer is potentially vulnerable to these natural and anthropogenic Cl -and NO 3 -reservoirs in the vadose zone (Gurdak and Qi, 2006; Gurdak et al., 2007) . This groundwater vulnerability may be realized if other processes mobilize and transport the Cl -and NO 3 -reservoirs to the water table; such as conversion of rangeland to irrigated and rain-fed agricultural land (McMahon et al., 2006; Scanlon et al., 2005) . McMahon et al. (2006) attributed the downward displacement of some NO 3 -to the mobilization of naturally accumulated NO 3 -by irrigation return fl ow after rangeland was converted to irrigated agricultural land.
Materials and Methods
Beginning in 2000, a network of nine vadose zone monitoring sites (UMA, GNT, IMP, CAL121, CAL122, CNG, JRW, MPL, and MWR) were instrumented across the High Plains aquifer (Fig. 1) to assess processes and rates of water movement and the storage and transit times of chemicals (McMahon et al., 2003 (McMahon et al., , 2006 . Within each of the three subregions (NHP, CHP, and SHP), two vadose zone sites were located in irrigated agricultural settings and one site was located in rangeland (Table 1) . Details about the installation and capabilities of this network are described by McMahon et al. (2003 McMahon et al. ( , 2006 Heat-dissipation probes (HDPs; Model 229 Water Matric Potential Sensor, Campbell Scientifi c, Logan, UT) were installed at various depths at each site during original installation (McMahon et al., 2006) and provided an indirect measure of matric potential in the vadose zone. Unlike the NHP and SHP sites, the CHP sites lack HDPs within the upper 23 m of the vadose zone. The HDPs are capable of measuring the matric potential from approximately −0.01 to −100 MPa with a sensitivity that is proportional to the matric potential (Flint et al., 2002) . Details about HDP installation and measurement capability are described by McMahon et al. (2006) .
At the SHP sites, a 10-m aluminum neutron moisture-meter access tube (10 cm i.d.) was installed approximately 3 m from the vadose zone monitoring sites by using dry-drilling technology. These access tubes allowed for detailed measurements of volumetric water-content profi les of the upper 30 m using neutron moisture meter (Model 503 Hydroprobe Moisture Depth Gauge, CPN International [CPN, 1980] , Pacheco, CA, with 241 Am-Be, 50 mCi source and boron trifl uoride [BF3] detector tube). The neutron moisture meter was calibrated for volumetric water content, using fi eld samples collected from SHP sites and methods described by CPN (1980) and Hignett and Evett (2002) . Calibration equations were developed relating neutron counts linearly to volumetric water content of vadose zone profi les and were verifi ed used the independent volumetric water contents as measured from sediment cores collected during site installation. Volumetric water-content profi les were measured at the SHP sites before and after the infi ltration events described below as an independent means of testing the temporal changes in vadose zone moisture profi les as measured by the HDPs.
Hydroclimate Data Processing and Analysis
Frequency analysis of hydrologic time series allows for inference and better understanding of subsurface hydrologic responses to climate variability near the vadose zone monitoring network. The hydrologic time-series data processing and analysis generally follow methods described by Hanson et al. (2004) .
The time series evaluated in this paper include groundwater levels from wells, precipitation data from meteorological stations, and a groundwater pumping record from an irrigation well (Table 1) that were compiled from a larger network of hydrologic time series in the High Plains . These data were selected on the basis of the location of paired groundwater level wells and precipitation stations to individual sites of the vadose zone network within each subregion of the High Plains aquifer (Fig. 1) , and the length and completeness of record. The water levels were obtained from USGS National Water Information System (USGS, 2006). Monthly precipitation time series were obtained from the NOAA (2006b). The short record length (<5 yr) of the matric potential time series (Fig. 2 ) measured by HDPs prevented direct evaluation of these data using the frequency analysis techniques described below.
The fi rst data-processing steps ( Fig. 3 ) were designed to remove the infl uence of zero values common to precipitation time series of semiarid and arid climates and to integrate any incomplete groundwater-level records. This step was performed by transforming all hydrologic time series into monthly cumulative departure series from the period of record using the monthly mean (Fig. 3b) . Next, the residuals of the monthly cumulative departure series were obtained by subtracting a regression-fi tted low-order (cubic) polynomial. The overall shape of the low-order polynomial represents temporal trends (or responses) FIG. 3. Demonstration of data-processing steps using (a) total monthly precipitation from meteorological station P-1. The original series is transformed into a (b) monthly cumulative departure (MCD) series and is fi tted with a low-order, cubic polynomial fi t. The resulting residuals are normalized by the historic mean and referred to as the normalized departure series (c). Note the different y-axes for (b) and (c). in the hydrologic time series to larger climatic cycles or periods of anthropogenic effects, and tends to be dominated by the lowest frequency containing the most variance . The residuals are fi nally normalized by the historic mean to facilitate statistical comparisons between various data types and are referred to as normalized departures (unitless) (Fig. 3c) . These data-processing steps effectively eliminate parts of the lowest-frequency cycles that would dominate the variance of the time-series analysis . These steps are necessary to remove much of the long-term anthropogenic effects in the groundwater-level time series, such as implementation of improved irrigation technology, and annual anthropogenic effects, such as crop rotation and other irrigated-agricultural practices of the High Plains region. Singular spectrum analysis (Vautard et al., 1992 ) was then applied during frequency analysis of the time-series residuals, using a modifi ed approach developed by Hanson et al. (2004) for regional hydroclimatic assessment of the southwestern USA. The SSA method is a widely used form of principal-component analysis in lag-time domain that uses a data-adaptive signal-tonoise enhancement to detect periodic signals in short, noisy time series (Vautard et al., 1992) . The data-adaptive fi lters help separate the time series into reconstructed components (RCs) that are statistically independent and thus can be classifi ed into trends, oscillatory patterns, and noise (Ghil et al., 2002) . Singular spectrum analysis has been shown to be optimal in the sense of capturing the maximum variance with the fewest independent RCs (Shun and Duffy, 1999) . The variability in most hydrologic time series can be adequately described in terms of the fi rst 10 RC and often takes the form of quasiperiodic or nearsinusoidal oscillations . Additionally, the strength of the linear relationship between RCs of similar periodicities from two distinct hydrologic time series was quantifi ed using lag correlation coeffi cients. Because the RCs have uniform time intervals from the cumulative monthly departure series, the phase lags were calculated as the average time interval between all lagged phase shifts. Conceptually, the calculated phase lags represent an average best-fi t of the dependent time series to the independent time series over all observed phase shifts. The goal here is to estimate periodic or nearly periodic variance in RCs for hydrologic time series to evaluate the signifi cance of detected oscillations from underlying noise. Thus, these estimates provide insight into natural climate variability responsible for observed and statistically signifi cant dynamic response of vadose zone water movement, chemical displacement, and groundwater-level fl uctuations to the High Plains aquifer.
Results and Discussion

Water Movement in the Vadose Zone
Daily time series of total (matric plus gravimetric) potential profi les at the NHP and SHP vadose zone monitoring sites are shown in Fig. 2 . In 2003 and 2004, respective NHP and SHP total potential profi les indicate relatively sharp-and uniformwetting fronts that reached depths previously unobserved during the period of monitoring (2001) (2002) (2003) (2004) (2005) . The propagation of these wetting fronts indicate predominantly pistonlike or matrix fl ow that reach depths ranging from 6.4 to 23 m in the NHP and 3.0 to 7.3 m in the SHP (Fig. 2) . Before these two events, temporal fl uctuations in total potential showed little change and was limited to the fl uctuation zone of the upper 1 m at the SHP rangeland site (MWR) and upper 2 m at the SHP irrigated agricultural sites (JRW and MPL). The fl uctuations in total potential within the upper 1 to 2 m are largely controlled by infi ltration and subsequent evapotranspiration. The near-surface profi les at NHP sites indicate no appreciable fl uctuations in total potential, except for the 2003 infi ltration event.
Generally, the depths of propagation of the wetting fronts are greater at the irrigated agricultural sites (4.3 at MPL to 23 m at GNT) than the corresponding rangeland sites (3.0 at MWR to 6.4 m at IMP) (Fig. 2) . These differences are likely related to site-specifi c antecedent moisture and potential conditions, which are controlled in part by native vegetation, land-use practices (crop vegetation), soil texture, lithology, and spatial patterns in climate. However, the onset of the wetting fronts at the three NHP sites and the three SHP sites are coincident to relatively dry conditions preceding intense and frequent precipitation in May 2003 (NHP) and throughout much of 2004 (SHP) (Fig. 2) . Although no wetting fronts reached the water table, the current (2006) Selected total-potential profi les on days before the infi ltration events (Fig. 4) show a monotonic decrease in total potential with depth, indicating a downward gradient at all sites (Fig. 4a-4e ) except the SHP rangeland site (MWR) (Fig. 4f ) (Fig. 4a-4f ) , including MWR, which indicates the potential for downward water movement to the deep vadose zone.
The independent measurements of volumetric water-content profi les at the SHP rangeland site (MWR site) using the neutron moisture meter between 2001 and 2002 were compared with the total potential profi le measured in 2005 (Fig. 5) . These independent measurements are evidence of the changes in vadose zone water storage. The 2005 neuron moisture-meter profi le reveals a substantial increase in the volumetric water content profi le, particularly within the fractured caliche zone between the 3-m and 11.5-m HDPs. This independently mea-sured profi le in 2005 represents a 4.9% depth-averaged increase in volumetric water content, which is equivalent to a 75-mm increase in unsaturated zone water storage.
Downward Movement of Chemicals in the Vadose Zone
The constructed Cl -and NO 3 -concentration profi les in vadose zone pore water from cores collected in 2000 were compared with profi les collected in 2005 after the infi ltration events (Fig. 6) . At CNG, the Cl -and NO 3 -profi les show that the Cl -and NO 3 -peak concentrations moved downward about 1.1 m from 2000 to 2005 (Fig. 6a) . This displacement is attributed to advective transport caused by the deep infi ltration events of 2003 and 2004. The 1.1-m displaced 2005 Cl -peak has maintained the general shape and relative concentrations as in 2000, which can be attributed to the conservative nature of Cl -relatively homogeneous sand of the vadose zone material at CNG that would enable uniform, matrix fl ow during infi ltration. However, the total NO 3 -inventory in 2005 (450 μg N g −1 ) was approximately 50% smaller than in 2000 (910 μg N g −1 ) (Fig. 6a) . The available data does not support a clear explanation; however, the loss of NO 3 -in 2005 may be attributed to an incomplete fl ushing or denitrifi cation of the NO 3 -measured in 2000. Similar evidence was documented for displacement of chemicals at the SHP sites (Fig. 6b-6d) . Some of the 2005 pro- fi les are too shallow to resolve temporal differences. However, the profi les at JWR indicate that the uppermost Cl -and NO 3 -peaks also moved downward approximately 1 m. Additionally, the profi les indicate that the majority of the chemical reservoir has shifted down approximately 3 m (Fig. 6c) . Although there are some temporal differences in Cl -profi les at MPL (Fig. 6d) , the data do not indicate a distinct displacement, which may be related to the fractured-caliche lithology present near land surface at MPL. The overall shape of the CHP and SHP chemical profi les, including the depth of Cl -and NO 3 -peaks, developed from natural evapoconcentration processes over thousands of years (Phillips, 1994; Hartsough et al., 2001; Walvoord et al., 2003) . Therefore, the apparent >1 m downward and uniform displacement of both Cl -and NO 3 -profi les at depths below the zone of total potential fl uctuation at the rangeland vadose zone sites within a 1-to 5-yr period indicates the signifi cance of this mobilization event.
Annual Precipitation Variability
Time series of total annual precipitation (Fig. 7) indicate that the onset of the deep infi ltration events occurred during a relatively wet year (2004) (Fig. 7a) and was only slightly greater than the long-term average in 2004.
Grissino-Mayer's (1996) reconstruction of the precipitation records for the past 2200 yr using tree-ring data located near the SHP in northern New Mexico provides perspective on the 2004 SHP precipitation totals and corresponding vadose zone chemical profi le displacement. Grissino-Mayer (1996) suggested that the last 200 yr have been the wettest period for the past 2200 yr, with the previous 20 yr representing the wettest period of the entire 2200-yr record. The amount of precipitation in 2004 across the SHP and CHP, relative to the paleorecord of precipitation of the region, offers plausibility of the infrequent nature of the substantial (>1 m) infi ltration event that mobilized chemicals under natural, rangeland settings in the CHP and SHP. Identifying subsurface hydrologic response to natural climate variability is a fi rst step toward predicting possible changes in the frequency of such episodic events in response to global climate change. A number of predictions by general circulation models suggest the future climate of the High Plains will be warmer and drier, while others project a warmer and wetter greenhouse-effect climate in the High Plains. Yet there is a general agreement of an increase in the occurrence of extreme events, such a continued trend toward more high-intensity rainfall events (Merideth, 2001; Rosenberg et al., 1999; Woodhouse and Overpeck, 1998 ). General circulation model projections of increased precipitation intensity could have substantial implications for the frequency of downward displacement of solutes, increased water fl uxes, and the future groundwater sustainability and quality of the High Plains aquifer.
Seasonally, the onset of deep infi ltration events at NHP and SHP sites occurred under different precipitation regimes (Fig.  8) , indicating that regional differences exist across the High Plains aquifer; thus, recharge will be variable to climate variability. The onset of the deep infi ltration at the SHP vadose zone sites coincides with particularly large total monthly precipitation from June to December 2004, especially the near record- setting precipitation during November 2004 (Fig. 8b) . The total monthly precipitation at P-5 was 350% of average for November, receiving 250 to 300 mm of wet snow on 2 Nov. 2004, followed by another substantial rain-snow event (50-100 mm as rain) 13-17 Nov. 2004 (NOAA, 2006a . NOAA (2006a) reported similar record precipitation accumulations across the SHP for all of November 2004: Lubbock, TX, was 937% of average, and Amarillo, TX, was 597% of average. In contrast, the apparent onset of the deep infi ltration events in the NHP coincided with monthly totals of February to April that were only between the 50th and 75th percentiles (Fig. 8a) but followed 2 yr of belowaverage precipitation (Fig. 7a) . The observed deeper infi ltration to climate variability in the NHP and likely higher water-use effi ciency of the SHP vegetation, which is manifested in the strong downward total potential gradient at the SHP sites (Fig.  4) , indicates a relatively greater potential for deep infi ltration and recharge at the NHP sites compared with the SHP sites.
Interannual to Interdecadal Climate Variability
The results of the SSA indicate that all hydrologic time series contain variations in the important interannual to interdecadal climatic cycles for the western USA (>PDO, PDO, NAMS, and ENSO) ( Table 2) .
Precipitation Correlation to Climate Variability
The majority of the variance in the precipitation time series was attributed to >PDO (>25 yr) and PDO periods (10-25 yr), capturing 51.4 to 64.2% and 4.52 to 78.4% of the variance, respectively (Table 2) . Approximately 68 to 93% of the total variance in the RCs for each precipitation time series is attributed to the >PDO and PDO periods. These results indicate the importance of lower-frequency climatic forcings, with lesser controls by NAMS, ENSO, and ANN on precipitation variabil- ity across the High Plains. The lag correlation coeffi cients ranging from −0.30 to −0.72 (Table 3) indicate relatively strong and inverse correlations between the AMO index (>PDO) (Enfi eld et al., 2001 ) and precipitation variability across the High Plains, with phase lags ranging from 5.0 to 21 yr (Table 3) . Precipitation variability demonstrated stronger correlations to PDO (0.27 to 0.83), with phase lags of 2.0 to 8.0 yr (Table 3) , further indicating the strength of correlations between lower-frequency climatic cycles and precipitation variability across the High Plains. The strength and direction of correlation between >PDO and PDO cycles and precipitation variability is consistent with the fi ndings from McCabe et al. (2004) , which indicate the majority of variance in drought frequency across the conterminous USA is attributed to positive AMO and negative PDO phases of variability.
Groundwater-Level Correlation to Climate Variability
Although precipitation time series are most infl uenced by >PDO variability, the variance captured (23.3-93.5%) by the RCs for the groundwater-level time series indicate the importance of PDO-like forcings on groundwater level fl uctuations, with lesser infl uence by NAMS (12.6-32.0%), ENSO (1.70-13.2%), and ANN (<0.01-4.78%) ( Table 2) . Pacifi c Decadal Oscillation-like variations in groundwater levels accounted for a majority of the total variance at the NHP (67-87%) and SHP (93.6-95.6%) sites, while accounting for only 23.3 to 35.3% of the variance at the CHP sites. The regional differences in groundwater-level variance attributed to PDO may be a result of spatial patterns in recharge rates, which are indirectly infl uenced by physical processes related to climatic forcings and to vadose zone lithology and thickness near the wells.
Even though groundwater of the High Plains aquifer is infl uenced by pumping, the climatic variability that dominantly controls the groundwater levels also were successfully identifi ed. The lag correlation coeffi cients (Table 3) of groundwater pumping to variability in precipitation and climate indices were mixed, with weak correlations (0.01-0.38) in the ANN and ENSO periodicities and moderate to strong correlations (0.63-0.78) in the NAMS periodicities. The infl uence of pumping on groundwater-level variability was quantifi ed by moderate lag correlations (0.42-0.66) in the ENSO and ANN periods, with phase lags of 3.5 to 4.8 yr (Table 3 ). Yet no RCs from the pumping time series were identifi ed within the PDO period, which was previously identifi ed as having control on groundwater-level variability. As verifi cation, the GW-2 series was clipped to the identical period of record as the groundwater pumping TABLE 3. Summary of lag correlation coeffi cients and phase lags (in years) for hydrologic time-series at selected climate cycles at groundwater level (GW), pumping, and meteorological (P) stations. "-" indicates no reconstructed components of the dependent hydrologic time series were identifi ed within the selected climate cycle. 
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(1) 1.7 (7) 0.99 (7) 29 (7) - (7) - (7) 0.29 (7) 5.0 (7) 0.19 (Mantua and Hare, 2002) . ¶ Index of seasonal precipitation anomalies associated with the North American Monsoon System (Gutzler, 2004) . # MEI, Multivariate ENSO Index Timlin, 1993, 1998) .
record and applied to SSA. The results of SSA identifi ed PDO periodicities within the shortened GW-2 record, which suggests that the pumping record was substantially long enough to record any possible PDO signals. The lack of PDO periodicities within the groundwater pumping records indicates that anthropogenic responses are PDO independent. This suggests that the controlling cycles of groundwater-level variability were based on and driven by PDO-like climatic factors and not substantially infl uenced by pumping variability.
Additional evidence is demonstrated by comparing the relatively short phase lags (0.4-5.1 yr; Table 3 ) between pumping responses with precipitation and climate indices, which identifi es a characteristically rapid anthropogenic response to wet-dry fl uctuations in shorter-term climate variability (ANN, ENSO, and NAMS). Similarly, the phase lags between GW-2 response to pumping in the ENSO and ANN periodicities are small (3.5-4.8 yr; Table 3 ), suggesting that some portion of the anthropogenic signal remains in the groundwater-level variability within these interannual periods. Conversely, the phase lags between groundwater levels and variability in PDO-like precipitation and the PDO index are signifi cantly longer (11-50 yr; Table 3 ). Conceptually, the decadal-scale (11-50 yr) phase lags in groundwater levels to precipitation variability represent responses to natural processes, such as vadose zone travel times, and further demonstrate that the majority of the anthropogenic signal has been removed from groundwater-level variability in the PDO period. This example of paired groundwater pumping and groundwater-level response illustrates the challenge in removing the entire anthropogenic signal from groundwaterlevel fl uctuations in heavily pumped aquifers.
Groundwater-Level Correlation to Precipitation
The lag correlations (0.32-0.99; Table 3 ) for each pair of RCs from corresponding precipitation and groundwater-level time series for the PDO range result in a range of decadal-scale phase lags (11-46 yr; Table 3 and Fig. 9a ). Other climatic forcings partially dampen or accentuate the PDO-like signal in groundwater levels out of phase with precipitation variability (Fig. 9a) . The lag-correlated precipitation and groundwater levels (Fig. 9a) generally follow previously identifi ed trends associated with negative (dry) PDO indices during the 1950s to 1970s and positive (wet) PDO phase shifts during the 1980s and 1990s (Mantua and Hare, 2002) , including the renewed negative (dry) PDO index since 1999 that has been observed in hydrologic time series of the southwestern USA Schmidt and Webb, 2001) . The negative PDO shift in 1999 is expressed as drier than normal climate and is specifi cally apparent in the negative phase shift of the groundwater levels of the NHP (GW-1 and GW-2) and SHP (GW-5) (Fig. 9a) .
The lag correlation of groundwater levels with precipitation variability in the ENSO range is relatively weak, with correlation coeffi cients ranging from 0.20 to 0.32 and phase lags of 0.25 to 5.0 yr (Table 3 and Fig. 9b ). Many paired precipitation and groundwater-level responses are in phase or slightly phaselagged with ENSO (Fig. 9b) . However, a number of the paired responses are dampened or accentuated out of phase (Fig. 9b) and may be attributed to groundwater pumping or other climatic forcings. It is interesting to note that the amplitude of the ENSO signal oscillations and corresponding paired precipitation and groundwater-level responses are generally dampened during the negative PDO periods (Fig. 9a, 9b ). These dampened amplitudes in the ENSO oscillations, combined with generally (Mantua and Hare, 2002) and multivariate ENSO (Wolter and Timlin, 1993) indices, shown in gray.
larger lag correlation coeffi cients in the PDO range of variability (Table 3) , suggest the importance of PDO controls on vadose zone water movement leading to groundwater-level fl uctuations. The lower-frequency controls, especially during PDO negative (dry) phases of variability, apparently dampen the variability in groundwater levels from higher-frequency climatic controls, such as ENSO. (Fig. 10d) were coincident with a negative >PDO (P-1) phase, a negative PDO phase, a negative NAMS-like phase, and a weak to moderately positive ENSO phase of variation in the latter half of 2004. The results from the lag-correlation analysis (Table 3 ; Fig. 9a) show that precipitation variability and groundwater levels are particularly sensitive to negative PDO phases. However, the deconstruction of RC for 2003 and 2004 data (Fig. 10b, 10d) suggests that annual variability, not interannual to multidecadal variability, may have forced the hydroclimatic conditions leading to the deep infi ltration events. The apparent link between the observed deep infi ltration and chemical mobilization events to annual variability has important implications for recharge and aquifer sustainability. The High Plains (Castro et al., 2001) and much of the USA (McCabe et al., 2004) could expect a greater frequency of long-term drought if a sustained period of negative (dry) PDO and positive (dry) AMO conditions occur following their respective 1999 and 1995 phase shifts. The fi ndings from this study illustrate the importance of these longer-frequency climatic variations on long-term groundwater-level fl uctuations and aquifer sustainability but also suggest that shorter-frequency climatic events can have substantial controls on vadose zone water and chemical fl ux to the groundwater of the High Plains aquifer, even during extended dry periods. Water levels in aquifers typically vary in response to time-varying rates of recharge (Dickinson et al., 2004) , which suggests that the estimated phase lags, in years, between lag-correlated pairs of precipitation and groundwater-level time series (Table 3) have important conceptual considerations for understanding vadose zone water and chemical movement through the High Plains aquifer. We propose that the phase lags between the paired precipitation and groundwater levels for the PDO period are conceptually equivalent to approximate vadose zone transit times to the water table under the persistently wet phase of PDO variability. This conceptual model of transit times through the vadose zone of the High Plains aquifer can be implemented toward a generalized lag-based, hydrologic time series approach for estimating climate-varying water fl uxes.
As a point of reference, the previously reported water fl ux and advective chemical transit times from the vadose zone monitoring network by McMahon et al. (2006) were estimated using the tritium method (Table 4 ). The tritium method integrates long-term (multidecadal) tritium migration in the vadose zone to estimated corresponding water fl ux. These estimates are used as the foundation to discuss the implications of interannual to mutlidecadal climate variability on long-term vadose zone water fl ux and transit-time estimation.
The water fl uxes that contributed to the observed advective displacement of the chemical profi les were calculated using the method of Cl -peak displacement (McMahon et al., 2006; Stonestrom et al., 2003) and Eq. [1]:
where, q is the water fl ux (L T -1 ), θ is the depth-weighted average volumetric water content (L 3 L -3 ), z is the depth of the displaced Cl -peak with respect to the original Cl -peak (L), and t is the time elapsed from the original Cl -peak to the sampling time of the displaced Cl -peak (T). Equation [1] assumes that fl ow was one dimensional and vertically downward. The resulting estimated water fl ux for CNG (θ = 0.092 mm mm −1 ; z = 1100 mm; and t = 1) and JRW (θ = 0.128 mm mm −1 ; z = 1000 mm; and t = 1) are 101 mm yr -1 and 128 mm yr -1 , respectively. These transient water-fl ux estimates refl ect the temporal "event scale" (Scanlon et al., 2002) and represent a 400 to >2000% increase over the long-term (multidecadal) water-fl ux estimates (32 and 5 mm yr −1 , respectively) using the tritium method (Table 4 ) (McMahon et al., 2006) . The proposed lag-based, hydrologic time-series approach was implemented using a modifi cation of Eq. [1], where t represents transit times through the vadose zone and is equivalent to the phase-lag estimate from correlated paired precipitation and groundwater levels in Table 3 (T), θ is the depth-weighted average volumetric water content (L 3 L -3 ), and z is the vadose zone thickness (L). This hydrologic time-series approach provides estimates of climate-varying water fl uxes in response to persistently positive (wet) phases of PDO variability. The water fl uxes calculated using this approach represent an intermediate temporal-scale between the event scale (days to weeks) and long-term water-fl ux estimates using the tritium method. To demonstrate this method, the climate-varying water fl uxes were estimated for the strongly lag-correlated pairs of groundwater-level response to precipitation within the PDO period (Table 4) .
Water-fl ux estimates from the hydrologic time-series approach range from 455 to 476 mm yr −1 for the NHP, 196 to 390 mm yr −1 for the CHP, and 198 to 200 mm yr −1 for the SHP, and are, on average, 5 (NHP), 9 (NHP), and 12 (SHP) times larger than the estimates using the tritium method (Table 4) . These fi ndings demonstrate a north-to-south trend of proportional increases in estimated water fl uxes using the hydrologic time-series method over the tritium method estimates. This spatial trend indicates the importance of PDO variability within the conceptual model of water fl ux and chemical transport in the High Plains vadose zone. McMahon et al. (2006) proposed a conceptual model that posits a spectrum of slow to fast paths or transport mechanisms through the thick vadose zone of the High Plains. Using this model, a relatively large fraction of the High Plains landscape likely represents the slower end of the spectrum, where diffuse water fl ux (recharge) dominates. Water-fl ux estimates that represent the slow paths are observed at CNG and MWR sites using the tritium method (0.2-5 mm yr −1 , Table 4 ). A much smaller fraction of the High Plains likely represents fast-path zones and have been previously identifi ed where surface water is concentrated, such as beneath dry streambeds, ditches, and shallow depressions or playas in the land surface (McMahon et al., 2006; Scanlon and Goldsmith, 1997; Wood and Sanford, 1995) , ponding near irrigation wells , and beneath irrigated agricultural lands (McMahon et al., 2006; Scanlon et al., 2005) . Previously published water-fl ux estimates beneath a fast-path zone of the SHP include 60 to 100 mm yr −1 beneath playas using the chloride mass-balance method; 77 to 120 mm yr −1 beneath playas using the tritium method; and ?200 to 600 mm yr −1 beneath playas receiving wastewater discharge (Scanlon and Goldsmith, 1997; Wood and Sanford, 1995) . A comparison of the estimated water fl uxes from the proposed hydrologic timeseries approach to the conceptual model indicates that fast-path or preferential-fl ow mechanisms are likely controlling processes. Further investigations are needed to identify specifi c fast-path mechanisms that are integrated within the hydrologic time-series approach to water-fl ux estimation.
Implications of the relatively large estimated water fl uxes (Table 4 ) with respect to previously identifi ed strong lag correlations between precipitation and groundwater levels on the timescale of PDO variability (Table 3 ) are important because they indicate that water-level fl uctuations of the High Plains aquifer, and ultimately aquifer sustainability, are dominantly controlled by fast-path recharge mechanisms. Furthermore, the observed proportional increase in water fl uxes between waterfl ux estimation methods illustrates the temporal variability, from event-based to interdecadal climatic forcings, that is integrated when applying historical tracer techniques for water-fl ux or recharge estimation. For example, the tritium method used in the High Plains integrates vadose zone water and tracer movement that is infl uenced by the PDO variability of two distinct dry phases of variability (1953, which is the start of atmospheric testing of nuclear weapons and the tritium signal, to 1976; and 1998-2002) and two wet phases of variability (1977-1998; and 2002-2005) . These fi ndings demonstrate additional limitations for tracer-based techniques of estimating vadose zone water fl ux, as outlined by Scanlon et al. (2002) . Additionally, these fi ndings support the conclusion that climate-induced variations can have important implications for water-fl ux and recharge estimation, which ultimately effects policy and groundwater resource decision making (Hanson and Dettinger, 2005) on interannual to interdecadal timescales.
Conclusions
Natural climate variability (ENSO, NAMS, PDO, and AMO) has been identifi ed as a fundamental and important hydrologic control on groundwater resources of the High Plains aquifer. This research provides valuable insight for improved understanding of interannual to interdecadal climatic forcings on vadose zone water and chemical movement of the High Plains aquifer. Better predictions of future recharge and vulnerability of groundwater quality is critical for management of aquifer sustainability in light of persistent and recurring natural climatecycle forcings and potential global climate change. Hydrologic response to climate variability of a few years to decades is of particular importance because of the tangible implications for water-resource management on timescales within an individual human's lifetime. Continued long-term monitoring of vadose zone water and chemical-fl ux response is necessary for improved understanding of subsurface response to climate variability.
